The adoption of the contra-rotating rotor has been proposed in response to a demand for the axial flow pump with higher specific speed. The internal flow field and blade rows interactions between front and rear rotors should be considered in the design for higher performance and more stable operation, but has not been clarified yet. The flow field in contra-rotating axial flow pump was measured at various flow rates with the LDV and wall pressure measurements. In the present paper, the experimental and numerical results in the flow field between front and rear rotors are shown at the design flow rate and the flow behaviors are discussed, related on blade loading, blade tip leakage flow, wake and blade rows interaction.
Introduction
There is a strong demand for more compact structure of a high specific speed axial flow pump (1) . In the case of a conventional axial flow pump with combination of a rotor and a stator, higher specific speed, however, yields deterioration of the efficiency and the cavitation performance. Furthermore, the positive slope of the head characteristic curve at partial flow rates restricts the pump operating range. Even achieving high efficiency operation by rotational speed control of the conventional type, this is limited only in a narrow flow rate range due to the increase of the stator loss. The use of contra-rotating rotors, in which a front rotor is in tandem with a rear one and the two rotors rotate in the opposite directions, might settle these problems. The rear rotor in the contra-rotating pump, installed instead of the stator of conventional type, has a role not only to recover the static pressure but also to give energy to the fluid directly. This could reduce the blade loading of the front rotor and yield higher efficiency and better cavitation performance due to the lower rotational speed design of the contra-rotating rotors. Based on the working principle of contra-rotating rotors, it is expected to avoid the positive slope of the head characteristic curve. And higher efficiency operation at off-design flow rates might be also possible by controlling rotational speeds of front and rear rotors (2) .
In order to achieve higher performance in addition to more stable operation of the contra-rotating axial flow pump, however, the outlet flow from the front rotor and blade rows interaction between front and rear rotors should be clarified as the unsteadiness of outlet flow from the front rotor should be taken into account in the optimum design of the rear rotor (3) . The rear rotor also suffers from the wake of the front rotor, which might result in the blade loading fluctuations of the rear rotor. As mentioned in the previous report (4) that blade rows pressure interaction from the rear rotor to the front one is stronger, blade rows interaction related to the pressure and the wake should be discussed in more detail for practical operation.
In the present paper, the flow field between front and rear rotors in the contra-rotating axial flow pump is clarified at design flow rate by experimental and numerical results. In experiment, velocity measurement with Laser Doppler Velocimetry (abridged as LDV), synchronized with each front or rear rotor rotation, was conducted to investigate the blade-to-blade flow distribution and discuss the effect of each rotor on the flow field. Then the internal flow behaviors will be considered by the comparison between the experimental and numerical results of these velocity and casing wall pressure distributions. Furthermore, the rear rotor design guideline based on these considerations would be presented for the practical application of the contra-rotating axial flow pump.
Basic concept of conventional and contra-rotating axial flow pump
When rotational speed N and flow rate Q are specified, the theoretical heads H th of linear cascades with infinite blade numbers on cylindrical surface of the diameter D are obtained for conventional and contra-rotating types as next equations. Figure 1 shows the corresponding linear cascades of contra-rotating type and velocity triangles at design and off-design flow rates. (2) where β b is denoted as outlet blade angle, subscripts of RS and RR as rotor-stator and contra-rotating rotors, and subscripts of f and r as front and rear rotors for contra-rotating type, K 1 and K 2 as constant values and N f =N r =N RR . From Eqs. (1) and (2) Figure 2 shows a relation of Eq.(3) or (4). It is seen from Fig.2 difficult to obtain the specified head in design without careful consideration because of the steep gradient of head curve at design flow rate. In Fig.3 , at design point(Q=70l/s) the experimental pump head of RS type is almost satisfied with the design value of H=4.0m and shows a similar head characteristic curve with theoretical one. On the other hand, experimental head curve of RR type near the design flow rate shows the similar tendency with the theoretical head curve with negative slope except the region of Q<28l/s where the head curve becomes gradual. But the pump head of the RR type is lower as H RR =2.8m at design point and this results demonstrate the difficulty of the RR type design. It was clarified from the previous report that the dissatisfaction of the design head of the RR type is mainly caused by the mismatching of a rear rotor stagger angle with incoming flow from the front rotor. Therefore, the flow field needs to be considered for the higher performance design of the contra-rotating axial flow pump and proper parameter selection of the rear rotor design, based on the experimental results of outlet flow from the front rotor becomes important. Thus, the flow field of the contra-rotating axial flow pump is investigated for the appropriate design of the contra-rotating rotor. 
Experimental apparatus and method
Pump head H=4.0m and flow rate Q=70 l/s were specified in pump design. When specific speed of each rotor was determined as N s =1500[min -1 , m 3 /min, m], the rotational speed was obtained (2) as N f =N r =1225min -1 for the contra-rotating RR type under the condition of front and rear rotors head H f =H r =H/2. The blade rows were designed by using conventional empirical method (2) and RR type has 4 front rotor blades and 3 rear rotor ones. Figure 4 shows the sectional view of the test pump. The hub diameter is 100mm and the casing diameter is 200mm. In case of the RR type, a set of two shafts, which are inner and outer ones, is required for each front and rear rotor and a blade tip clearance takes 1.0mm. For the pressure performance evaluation, the static pressure differences on the casing wall are measured between the up-and downstream sections of rotors, Pos.0, III and V in Fig.4 . Then, the head rises of front and rear rotors, H f , H r and the total pump head H=H f + H r are evaluated by adding the dynamic head difference of the sectional averaged axial velocity into the corresponding measured static head difference. Therefore, head of the front rotor is evaluated a little large and head of the rear rotor is evaluated a little small because velocity distributions especially circumferential velocity are not considered at each section. The error range of the head is +2.5% ~ -2.5%. Instantaneous static head was also measured at 16 axial positions on the casing wall and pressure distributions between front and rear rotors were obtained from the double phase locked ensemble averaged method in which each front and rear rotor rotational phase was referred (4) . The flow rate Q was obtained from an orifice installed far upstream of the pump. The pump casing is made of acrylic transparent resin. Therefore, measurement with LDV is possible and cavitation occurrence at the blade tip was observed with the help of the stroboscope. The LDV system is comprised of a transmitting and receiving optics, probes, fiver optic cables, a signal processor and operated in back-scattering mode. A 152.5mm focal length lens in the air was utilized with the probe, producing He-Ne dual-beams with measurement volume 0.11 mm diameter and 1.18 mm length. In the present experiment, tracer particles are not seeded because the measurement without tracer is possible owing to the plenty of small impurity in the water. The scattering light is received by the probe and the received doppler signals through a filter are converted digital data and then velocity data after the FFT analysis with a signal processor. LDV flow measurements position and static pressure holes positions on the casing wall are shown in Fig.5 . The measurement is carried out basically at 4 radial and 6 axial positions between front and rear rotors to clarify the flow behaviors of outlet flow from the front rotor and inlet flow to the rear rotor. The flow field near the hub can't be measured by the LDV because the dispersion of the laser beam with the hub wall. The uncertainty of axial velocity component of LDV at each radial position upstream of the front rotor, downstream of the rear rotor was within 2 % and between front and rear rotors was within 5% based on the time averaged data by the 5 holes yaw meter except the region near the casing wall that the leakage flow from the blade tip are observed. The difference of the velocity data between LDV and 5 holes yaw meter was the largest near the casing wall and it was within 20 %. This discrepancy was possibly due to the fact that the velocity fluctuations near the blade tip between front and rear rotors were large and 5 holes yaw meter cannot follow-up these velocity fluctuations. In the measurement, synchronization of data sampling to rotor rotation is conducted only one rotor as effect of another rotor is averaged. More than 4000 data are obtained at each measuring position circumferentially in this experiment. In addition to the velocity measurement, the rotating position of front/rear rotor is simultaneously measured by the rotation counter with 120 pulses per one revolution. Then, the blade-to-blade velocity distribution is obtained by relating the velocity data with the front/rear rotor position. The velocity resolution in circumferential direction is 3° and the velocity at each circumferential position is obtained as the average data more than 30 data at each circumferential position. On the other hand, the radial distribution of time averaged velocity at each section upstream of the front rotor, between front and rear rotors and downstream of the rear rotor were measured by a 5-holes yaw-meter. 
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Method of numerical analysis
In the present study, a commercial code, called as CFX Tascflow2.12(ANSYS), was used, where the turbulent model of k-ω model and wall function were applied. The computational grids consist of 53,465 and 107,380 points per 1 pitch of front and rear rotors, respectively. The blade tip clearance to the casing wall has 1mm and 4 points in this region were set in radial direction. The regions with only 1 pitch channel of front and rear rotors were separately calculated. The up-and downstream boundary conditions are given as constant mass flow rate and constant static pressure, respectively. And the interface between front and rear rotors is stage condition. This means the circumferentially averaged data, e.g. pressure and velocity, at each radial position are conserved at the interface between front and rear rotors. The calculation is conducted as the steady condition. Figure 6 shows the relative velocity distribution at radial position of r=97.5mm measured by LDV synchronized with front/rear rotor rotation and the corresponding static head-rise distribution from the front rotor inlet, measured on casing wall, is shown in Fig.7 . As synchronization is conducted only on one rotor in this experiment, the influence of another rotor on velocity and pressure distributions are averaged. The regions surrounded by broken lines in Figs.6 and 7 means the identical positions, where one is relative to the front rotor and the other relative to the rear rotor. The backflow is observed in blade-to-blade region of the front rotor as dotted line and relative velocity on pressure surface near the trailing edge of the front rotor is increased by the flow from radial inner section in Fig.6 . The low pressure region stretching to the blade-to-blade region is observed as dotted line in Fig.7 . This low pressure region is considered as the leakage vortex from the blade tip and the back flow region confirmed in Fig.6 is appearance of the backflow component of the leakage vortex near the casing wall. The relative velocity distribution of front and rear rotors at the same radial position calculated by numerical flow analysis is also shown in Fig.8 . It is naturally found that relative velocity of the front rotor is decreased on the pressure surface and increased on the suction surface by the blade loading. Furthermore low velocity region in blade-to-blade region considered as the leakage flow is also observed in the calculated results as shown by a dotted circle. On the other hand, in the case of the rear rotor, low velocity region is not observed in blade-to-blade region as measured pressure distribution in Fig.7 and calculated velocity distribution in Fig.8 . It is considered as the reason that in this RR type rear rotor head is not satisfied with the designed value (2) and the leakage flow from the blade tip becomes weakened in comparison with the front rotor Fig. 6 Blade to blade distribution of relative velocity vectors at r=97.5mm for RR type because the rear rotor blade loading is small. Figure 9 shows the relative velocity distribution in the front rotor at r=95 and 92.5mm. The low velocity region is observed at blade-to-blade region at r=95mm but this low velocity region disappears at radial inner section of r=92.5mm. These results also support that the backflow near the casing wall is caused by the leakage vortex from the blade tip. The radial distribution of local efficiency, which is calculated as the ratio of actual head rise to theoretical one along the streamline of the same sub-flow rate from flow measurement results of 5 holes yaw meter (4) , is shown compared with numerical analysis one in Fig.10 . The efficiency near the tip becomes lower in comparison with other radial positions and this would be caused by the leakage flow from the blade tip and frictional loss with the casing. It is recognized that the suppression of leakage flow is important for the improvement of efficiency. The radial distribution of circumferential component of absolute velocity at the section of 30mm downstream from the front rotor trailing edge at the tip, measured by a 5 holes yaw meter, is shown in Fig.11 . And the curve obtained under the condition of rV θ =(rV θ ) r=52mm =constant calculated by the circumferential velocity component near the hub is shown in this figure. The circumferential velocity becomes larger with the decrease of radius and takes the maximum value near the hub because the RR type is free vortex design. The circumferential velocity near the blade tip becomes increased by influences of accumulation of the low energy fluid, which is one of the reasons against low efficiency in the front rotor tip region in Fig.10 . The relative velocity distribution from the point of view of each front and the rear rotors at r=74.5mm is represented in Fig.12 . It was confirmed that the qualitative tendency of flow behavior is almost the same at other radial sections of r=86.75 and 62.25mm. Focusing on the flow regions surrounded by broken lines in Figs.6, 7 and 12, the outlet flow from the front rotor becomes uniform in downstream direction although the wake is observed near the trailing edge of the blade in the case of synchronized field with front rotor rotation and the wake from the front rotor, observed at the trailing edge of the front rotor, is decayed and flow becomes uniform by the mid position between front and rear rotors. On the other hand, when the same region is focused from the synchronized field with rear rotor rotation surrounded by the broken line, the rear rotor blade blockage influence appears near the front rotor outlet due to the high stagger angle of the rear rotor blade.
Experimental results and discussions
Next, the flow condition from the front rotor is focused on the point of view of relative flow angle. Figure 13 shows the relative fluid outlet angle α over 1 pitch of the front rotor at each radial position r=86.75, 74.5 and 62.25mm, where the flow and blade outlet angles are defined as the angle from the axial direction in Fig.1 . In this figure, the trailing edge(TE) of front rotor blade tip is set as 0mm in axial direction regardless of the radial position and each value of 0 to 40mm means the axial distance from the TE of the blade tip to the downstream direction. PS and SS represent pressure surface and suction surface at the trailing edge of the rotor and arrows show the wake at each axial position. The relative flow angle is larger than the blade outlet angle β b2 by 3-6° due to the flow deviation except the region influenced by the wake of the front rotor blade at each radial position r=86.75, 74.5
and 62.25mm and the relative flow angle β comes to show similar value with the blade outlet angle β bf due to the blockage effect of the rear rotor. It could be found that the wake Fig. 13 Relative fluid outlet angle in 1 pitch of front rotor at radial outer position r=86.75mm is gradually decayed in the downstream and wake was observed at 40mm downstream of the front rotor trailing edge, while the wake at radial inner position r=62.25mm is rapidly done and the wake at 40mm downstream of the front rotor was not observed because the wake influence was diminished by the blockage effect of the rear rotor. The rear rotor effect on the flow field between front and rear rotors seems stronger than the front rotor wake effect because the blockage effect reaches upstream near the trailing edge of the front rotor even though the wake from the front rotor becomes uniform at the mid section between front and the rear And it is found that velocity fluctuations gradually increase in downstream direction due to the rear rotor blockage effect. In the case of synchronization with rear rotor rotation, large velocity fluctuations caused by the leakage flow and the wake from the front rotor are observed as the circumferentially uniform distribution downstream of the front rotor trailing edge at r=97.5mm in Fig.14(a)-(ii) . And velocity fluctuations are large near the leading edge of the rear rotor in both radial section of r=97.5 and 74.5mm in Fig.14(b) -(ii) due to the wake from the front rotor. Except the leading edge, however, velocity fluctuations are small. On that account, these results indicate that large velocity fluctuations synchronized with front rotor rotation are caused by the interaction of the wake and the rear rotor blockage effect as described before. Figure 15 represents the axial distribution of time averaged static head on the casing wall. Although large velocity fluctuations were measured, head rise of the front rotor is kept constant near the inlet of the rear rotor at designed flow rate of Q=70l/s. Therefore, the influence of the wake and the blockage effect for the pump performance is thought small at design flow rate and it is considered that normalized uniform flow from the front rotor could be applied in the rear rotor design. 
Concluding Remarks
The flow field of the contra-rotating rotor which is proposed as a next generation axial flow pump at designed flow rate is focused and the blade-to-blade flow distributions are measured by LDV with the casing wall pressure measurement and the design guideline considering the internal flow behavior are investigated. The concluding remarks are as follows. 1. RR type becomes theoretically more compact than RS type and represents more stable negative slope of the head curve. But it is more difficult to obtain the specified head in design without careful consideration of the flow field because of the steep gradient of head curve. 2. The flow field downstream of the front rotor which is evaluated by the ensemble averaged data becomes uniform at the leading edge of the rear rotor, as the wake is rapidly weakened downstream direction though the velocity fluctuation by the wake a little influences the flow near the leading edge of rear rotor. Therefore, it is sufficient in blade rows design that the normalized uniform flow would be applied in the rear rotor design without the consideration of unsteady circumferential flow. 3. The blade-to-blade distributions of flow at the front rotor blade tip are fluctuated by the influence of the leakage flow from the blade tip and accumulation of the low energy flow near the casing. Therefore, the efficiency near the blade tip is lower than other radial positions. The pump performance at the blade tip could be deteriorated by the leakage
